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Fragile X syndrome
DrosophilaFragile X syndrome (FXS), caused by loss of fragile X mental retardation 1 (FMR1) gene function, is the most
common heritable cause of intellectual disability and autism spectrum disorders. The FMR1 product (FMRP) is
an RNA-binding protein best established to function in activity-dependent modulation of synaptic
connections. In the Drosophila FXS disease model, loss of functionally-conserved dFMRP causes synaptic
overgrowth and overelaboration in pigment dispersing factor (PDF) peptidergic neurons in the adult brain.
Here, we identify a very different component of PDF neuron misregulation in dfmr1 mutants: the aberrant
retention of normally developmentally-transient PDF tritocerebral (PDF-TRI) neurons. In wild-type animals,
PDF-TRI neurons in the central brain undergo programmed cell death and complete, processive clearance
within days of eclosion. In the absence of dFMRP, a defective apoptotic program leads to constitutive
maintenance of these peptidergic neurons. We tested whether this apoptotic defect is circuit-speciﬁc by
examining crustacean cardioactive peptide (CCAP) and bursicon circuits, which are similarly developmen-
tally-transient and normally eliminated immediately post-eclosion. In dfmr1 null mutants, CCAP/bursicon
neurons also exhibit signiﬁcantly delayed clearance dynamics, but are subsequently eliminated from the
nervous system, in contrast to the fully persistent PDF-TRI neurons. Thus, the requirement of dFMRP for the
retention of transitory peptidergic neurons shows evident circuit speciﬁcity. The novel defect of impaired
apoptosis and aberrant neuron persistence in the Drosophila FXS model suggests an entirely new level of
“pruning” dysfunction may contribute to the FXS disease state.st Avenue South, Vanderbilt
615 936 0129.
roadie).
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Fragile X syndrome (FXS) is an X-linked neurodevelopmental
disorder caused by CGG-trinucleotide repeat expansion in the 5′ UTR
of the fragile X mental retardation 1 (FMR1) gene (reviewed in Bassell
and Warren, 2008; Garber et al., 2008; Gatto and Broadie, 2009b;
Penagarikano et al., 2007; Reiss and Hall, 2007). The FMR1 repeat
expansion causes hypermethylation and transcriptional silencing,
preventing expression of the FMR1 gene product (FMRP) (Sutcliffe et
al., 1992; Verkerk et al., 1991), an RNA-binding, polysome-associated
protein that functions in mRNA translational regulation (Gross et al.,
2010; Laggerbauer et al., 2001; Li et al., 2001; Lu et al., 2004; Qin et al.,
2005; Sung et al., 2003; Tessier and Broadie, 2008; Zalfa et al., 2003),
stability (Zalfa et al., 2005; Zhang et al., 2007) and trafﬁcking
(Dictenberg et al., 2008; Estes et al., 2008; Kao et al., 2010). Full
FMR1 mutation (N200 CGG repeats) prevalence has recently been
estimated at 1:2500 (Hagerman, 2008), making FXS the leading
heritable monogenic cause of intellectual disability and autism
spectrum disorders.FXS patients harbor the hallmark cytological presentation of
morphologically aberrant synaptic connections, i.e., supernumerary,
elongated, immature dendritic spines (Hinton et al., 1991; Irwin et al.,
2001; Rudelli et al., 1985; Wisniewski et al., 1991). Murine and
Drosophila FXS models allow determination of mechanisms that
underlie the disease state (Bakker et al., 1994; Mientjes et al., 2006;
Zhang et al., 2001). Both animal models recapitulate synaptic
connectivity defects, with aberrant synaptogenesis, impaired synaptic
reﬁnement, synaptic overgrowth and abnormal activity-dependent
synaptic modulation, which are coupled to behavioral changes
including defective learning and memory, social interaction abilities
and circadian rhythms (reviewed in Bassell andWarren, 2008; Bhogal
and Jongens, 2010; Gatto and Broadie, 2009b; Mercaldo et al., 2009;
Pfeiffer and Huber, 2009; Tessier and Broadie, 2009). Importantly, in
addition to these synaptic functions, FMRP in both murine and
Drosophilamodels has recently been implicated in controlling cellular
proliferation and fate speciﬁcation, both in germline (Epstein et al.,
2009; Yang et al., 2007) and neural stem cells (Callan et al., 2010;
Castren et al., 2005; Luo et al., 2010; Tervonen et al., 2009). These
functions may correlate with hyperplasia and associated increased
organ size in FXS patients, both in the testes (Lachiewicz and Dawson,
1994; Nielsen et al., 1982; Rocchi et al., 1987) and certain brain
regions including the hippocampus, amygdala, caudate nucleus and
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may regulate neuron number in circuits underlying behavioral
manifestations of the disease condition.
In light of the recently reported role of FMRP in neurogenesis, we
hypothesized that FXS neural circuit defects may be inﬂuenced by
aberrant connectivity due to superﬂuous, supernumerary neuronal
integration. In testing this prediction, we observed that Drosophila
pigmentdispersing factor (PDF) peptidergic neurons showed just such a
defect; in the absence of dFMRP, there is an overabundance of these
neurons in the adult brain. The PDF neuropeptide is expressed in a small
subset of neurons, including clock neurons driving locomotor rhyth-
micity (Blanchardon et al., 2001; Grima et al., 2004; Helfrich-Forster,
1995, 2005; Lin et al., 2004; Renn et al., 1999; Shafer and Taghert, 2009;
Stoleru et al., 2004). Luciferase reporter studies reveal that PDF
facilitates circadian oscillations in individual neurons via adjustments
of amplitude, period and phase, while mediating synchrony within
neuronal subgroups (Sheeba et al., 2008; Yoshii et al., 2009). Though its
receptorhas been identiﬁed(Hyunet al., 2005; Learet al., 2005;Mertens
et al., 2005), only recent signaling studies employing a genetically
encoded cAMP ﬂuorescence resonance energy transfer (FRET) sensor
have demonstrated widespread receptivity to PDF throughout the
circadian circuit, conclusively assigning PDF a central network modu-
latory function (Shafer et al., 2008).
Our further developmental studies revealed that the excess PDF
neurons in the dfmr1 nullwere restricted to the tritocerebral (TRI) brain
region. PDF-TRI neurons are characterized as a developmentally-
transient population in wild-type animals (Helfrich-Forster, 1997).
Consistently, we show that PDF-TRI neuron retention in the dfmr1 null
brain is due to defective initiation of programmed cell death and not a
result of over-proliferation. We further show that aberrantly persistent
PDF-TRI neurons contribute inappropriate synaptic connection in the
mature brain and remain functionally competent. Other peptidergic
neuron classes are similarly developmentally-transient (Choi et al.,
2006; Draizen et al., 1999), apparently performing temporally restricted
roles before being eliminated. For example, crustacean cardioactive
peptide (CCAP) neurons have a transient role initiating the ecdysis
motor programand are then programmed to die immediately following
eclosion (Draizen et al., 1999; Park et al., 2003). Likewise, peptidergic
bursicon neurons have a transient role in epidermal maturation and
wing inﬂation and then undergo immediate post-eclosion apoptosis
(Dewey et al., 2004; Honegger et al., 2008; Loveall and Deitcher, 2010;
Luan et al., 2006; Peabody et al., 2008). We show here that these other
neuromodulatory circuits also display a signiﬁcant delay in their
developmental elimination in the dfmr1 null, although the defect is
mild compared to the long-term persistence of PDF-TRI neurons. Thus,
the dfmr1 defect is widespread but manifests circuit speciﬁcity. Taken
together, these results demonstrate a novel role for dFMRP in regulating
neuronal survival and suggest that FXS disease symptoms may arise
from inappropriate synaptic incorporation of abnormally persistent
neuron populations causing excessive neuromodulatory signaling.
Materials and methods
Drosophila genetics
Drosophila stocks were maintained on standard cornmeal/agar/
molasses medium supplemented with yeast at 25 °C in humidity-
controlled incubators with a 12 h light:dark cycle. The w1118 line
served as the genetic background control for the dfmr1 null allele
(dfmr150M) typically used throughout, unless otherwise speciﬁed
(Gatto and Broadie, 2008, 2009a; Tessier and Broadie, 2008, 2011;
Zhang et al., 2001). Two other independently isolated dfmr1 null
alleles were also examined, dfmr12 (Dockendorff et al., 2002) and
dfmr1B55 (Inoue et al., 2002). Additionally, a dfmr150M line carrying a
genomic rescue construct (Dockendorff et al., 2002) was generated
(p(dfmr1)w+/+;dfmr150M/TM6).Drosophila StockCenter (Bloomington,IN) lines carrying Pdf-Gal4 and UAS-mCD8::GFP were introduced
into the dfmr150M null background using standard genetic techniques,
as previously described (Gatto and Broadie, 2009a). The UAS-
synaptotagmin-GFP line was used to label synaptic connections
(Gatto and Broadie, 2009a; Zhang et al., 2002). The UAS-GCaMP1.3
line (Nakai et al., 2001) was used as a Ca2+ reporter (Tessier and
Broadie, 2011). Both lines were crossed together with the Pdf-Gal4
driver into genetic control and dfmr150M null backgrounds.
Immunocytochemistry
Antibodies employed included: anti-GFP (1:2000; ab290, rabbit,
Abcam Inc., Cambridge, MA), anti-PDF (1:5; C7, mouse, Developmental
Studies Hybridoma Bank (DSHB), University of Iowa), anti-period
(PER, 1:50; d-300, rabbit, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), anti-CCAP (1:5000; rabbit (Woodruff et al., 2008)), anti-bursiconα
subunit (burs, 1:5000; rabbit (Luan et al., 2006)), and anti-bursicon β
subunit, partner-of-bursicon (pburs, 1:500; mouse (Luo et al., 2005)).
For GFP and PDF labeling, brains from staged animals were dissected in
standard saline (128 mM NaCl, 2 mM KCl, 4 mM MgCl2, 35.5 mM
sucrose, 5 mMHEPES, 2 mMCaCl2, pH 7.2) and ﬁxed for 40 minwith 4%
paraformaldehyde/4% sucrose in phosphate buffered saline (PBS), pH
7.4 at room temperature. Preparations were rinsed with PBS, then
blocked and permeabilized with 0.2% triton X-100 in PBS (PBST)
supplemented with 1% bovine serum albumin (BSA) and 0.5% normal
goat serum (NGS) for 1 h at room temperature. Primary and secondary
antibodies were diluted in PBST with 0.2% BSA and 0.1% NGS and
incubated overnight at 4 °C and 2 h at room temperature, respectively.
Alexa-Fluor secondaries (1:250; Invitrogen-Molecular Probes) were
used. For PER labeling, dissection was carried out in Ca2+-free PEM
(0.1 M PIPES, 5 mM EGTA, 2 mM MgCl2, pH 6.9) and ﬁxation with
4% paraformaldehyde/4% sucrose in PEM. These dissections were
performed at zeitgeber time 0–2 h (ZT 0–2). For CCAP and bursicon
labeling, the brain alone or whole nervous system including the brain
and thoracic/abdominal ganglia was dissected from staged animals and
ﬁxed for 2 h at 4 °C with Bouin's ﬁxative. Tissue was then transferred
into isopropanol until processing completion. Preparations were rinsed
withPBS, incubatedwith 0.02% collagenase for 10 min, and rinsed again.
Permeabilization was done with 0.3% triton X-100 in PBS followed by
preincubation with 10% NGS in 0.3% triton X-100 in PBS for 2 h at room
temperature. Primary antibodies were diluted in PBS with 0.3% triton
X-100 and incubated for 72 h at 4 °C. Preparations were sequentially
washed with PBS plus 0.3% and 0.1% triton X-100. Alexa-Fluor
secondaries (1:250–500; Invitrogen-Molecular Probes) were incubated
overnight at 4 °C. All specimens were mounted in Fluoromount-G
(Electron Microscopy Sciences, Hatﬁeld, PA). Fluorescent images were
collected using a ZEISS LSM 510 META laser scanning confocal
microscope and displayed as maximal Z-stack projections, unless
otherwise indicated.
Western blot analyses
Western blot analyses were carried out as previously described
(Gatto and Broadie, 2008, 2009a). Flies were decapitated at 1 day post-
eclosion with heads further homogenized and boiled in 1X NuPage
sample buffer (Invitrogen, Carlsbad, CA) supplemented with 40 mM
DTT. The total protein from 2 heads per sample was loaded onto 4–12%
Bis–Tris gels and electrophoresed inNuPageMES Buffer (Invitrogen) for
1 h at 200 V. Transfer to nitrocellulosewas carried out for 1 h at 100 V in
NuPage transfer buffer (Invitrogen) with 10% MeOH. Processing was
completed using the Odyssey near infrared ﬂuorescence detection
system (Li-COR, Lincoln, NE). Antibodies used included: anti-dFMRP
(1:3000; 6A15, mouse monoclonal, Sigma, St. Louis, MO), anti-α-
tubulin (1:100,000; B512, mouse monoclonal, Sigma), and Alexa-goat-
anti-mouse-680 (1:10,000; Invitrogen-Molecular Probes).
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The UAS-GCaMP1.3 transgenic calcium reporter was used to
measure depolarization-induced calcium transients (Tessier and
Broadie, 2011). To examine this in PDF-TRI neuronal somas, brains
from staged animals were dissected in physiological saline containing
128 mM NaCl, 2 mM KCl, 4 mMMgCl2, 35.5 mM sucrose, 5 mM Hepes,
and 1.5 mM CaCl2, pH 7.2. Isolated brains were immediately imaged
under a 63Xwater-immersion objectivewithmaximal pinhole aperture
on a ZEISS LSM 510 META laser scanning confocal microscope.
Preparations were scanned for 1 min to ascertain baseline ﬂuorescence
and then acutely depolarizedusingbolus application of 3 MKCl to aﬁnal
concentration of 70 mM KCl (Tessier and Broadie, 2011). Calcium
transient development and recovery were then typically monitored
for at least 1 additional minute. ImageJ (NIH, Bethesda, MD, http://rsb.
info.nih.gov/ij/) was used for image registration and determination of
ﬂuorescence intensity values for regions of interest. The baseline
ﬂuorescence level was deﬁned as the average value during the initial
period from 40 to 50 s of acquisition and used to normalize the data set.
For induced calcium transient measurements, the absolute value of the
difference between the lowest and highest values post-stimulation was
taken.
TUNEL assay
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed as previously described (Phillips et al., 2008),
according to themanufacturer's instructions using the In Situ Cell Death
Detection Kit, TMR Red (Roche, Indianapolis, IN). Co-immunostaining
for PDF-TRI neurons was done with anti-PDF (DSHB) in staged brains
employing an assay-compatible Alexa-Fluor-488 secondary antibody
(Invitrogen-Molecular Probes). Preparations were then incubated for
1 h in a humidiﬁed chamber at 37 °Cwith a 1:9mixture of the detection
kit, containing calf thymus terminal deoxynucleotidyl transferase and
TMR red labeled nucleotides. A positive control was generated by
treatment with 250 U/mL DNaseI (BioRad, Hercules, CA) in 10 mM
TrisCl, pH 7.5 for 10 min at room temperature. A negative control
was omission of enzyme. After labeling, samples were washedwith PBS
and water before mounting in Fluoromount-G (Electron Microscopy
Sciences). Fluorescent images were collected using a ZEISS LSM 510
META laser scanning confocal microscope.
Statistics
Statistical analyses were performed using GraphPad InStat 3
(GraphPad Software, Inc., San Diego, CA). Unpaired, two-tailed t-
tests with Welch correction were applied, allowing for populations
with variable standard deviations. Where appropriate, i.e., in the
dfmr1 null allelic examinations and CCAP/pburs phenotypic classiﬁ-
cations, a one-way analysis of variance (ANOVA) was performed with
subsequent Tukey–Kramer multiple comparison post-tests. Signiﬁ-
cance levels in ﬁgures are represented as pb0.05 (*); pb0.01 (**);
pb0.001 (***). All error bars represent standard error of the mean
(s.e.m.).
Results
Null dfmr1 mutants retain developmentally-transient PDF-TRI neurons
Null dfmr1mutants display a range of well-deﬁned defects in brain
synaptic connectivity in PDF-expressing neural circuitry (Coffee et al.,
2010; Dockendorff et al., 2002; Gatto and Broadie, 2009a; Morales
et al., 2002; Reeve et al., 2005, 2008; Sekine et al., 2008). PDF is
expressed in small (sLNv) and large (lLNv) ventrolateral neurons, and
in mutants these neurons exhibit mild architectural defects including
misdirected collateral branching and defasiculation resulting inposterior optic tract splitting (Morales et al., 2002; Reeve et al.,
2005). More robustly, in the dorsal protocerebrum, sLNvs show
overgrowth and overelaboration of their PDF-expressing synaptic
bouton arborizations (Coffee et al., 2010; Dockendorff et al., 2002;
Gatto and Broadie, 2009a; Reeve et al., 2005, 2008). Visualization of
these peptidergic neurons, their processes and synaptic connections
can be accomplished with anti-PDF immunocytochemistry, Pdf-Gal4
driven expression of the UAS-mCD8::GFP membrane marker or both
labels in parallel (Fig. 1).
A particularly prominent defect in PDF neurons has gone entirely
unreported in previous studies of the FXS disease model: the aberrant
appearance of another class of PDF-positive neurons in the central
brain of dfmr1 null mutants (compare Figs. 1A to B). In adult brains
(day 5 post-eclosion; d5) isolated from control and dfmr1 nulls,
mutants consistently present with a midline/median bundle of PDF
immunoreactive projections from between 2 and 4 neurons originat-
ing from the ventral aspect of the brain (Fig. 1B). These neurons were
not observed in the age-matched adult wild-type brain (Fig. 1A). In
mutants, these neurons were often present as a bilaterally oriented
pair with cell body positioning in the tritocerebrum, near the
esophageal foramen (Fig. 1B, arrows at higher magniﬁcation). Mutant
PDF neurons project their axons upward beyond the posterior optic
tract and elaborate a synaptic ﬁeld in the protocerebral area adjacent
to the sLNv synaptic arbors. Thus, in addition to connectivity defects
within the s- and lLNv neurons, the PDF circuit may be compromised
by the encroaching aberrant contributions of the midline PDF
tritocerebral (PDF-TRI) neurons present only in the dfmr1 null mutant
condition (Fig. 1C).
A developmentally-transient population of PDF-TRI neurons has
been previously described (Helfrich-Forster, 1997). These peptidergic
neurons initially appear during mid-pupal development (P+50%) as
one or two highly branched, bilateral neurons forming a network
surrounding the ventral and lateral esophageal foramen. They project
into themedianbundle andoftenextend to fasiculatewith the terminals
of the sLNv neurons, as we describe above. These PDF-TRI neurons are
suggested to have a developmentally-transient, eclosion-related role
within the clock circuit (Helfrich-Forster, 1997). However, it has been
unclear whether PDF-TRI neurons express oscillating circadian clock
proteins and thus serve as anadditional class of clockneurons regulating
circadian rhythms. Previous studies suggest that the PDF-TRI neuronsdo
not mediate this function, as inducing their aberrant retention did not
alter the circadian rhythmicity of free-running locomotor output (Renn
et al., 1999). To test this possibility further, we labeled brains for the
clock protein period (PER) at zeitgeber time 0–2 h (ZT 0–2) in control
(w1118) and dfmr1 null mutants (Fig. 2). Assays were done at late-stage
pupal day 4 (P4), when PDF-TRI neurons are equally present in both
genotypes. We readily detected PER within sLNv and lLNv PDF neurons
(Fig. 2), which therefore served as an internal control. We note that the
PER expression was consistently more robust in control (Fig. 2A)
compared to the dfmr1 null (Fig. 2B), suggesting perturbation of the
circadian clockmechanism. Importantly, we never detected PER within
the PDF-TRI neurons in either control (Fig. 2A) or dfmr1 nulls (Fig. 2B).
Additional experiments at ZT 4–6 (data not shown)also revealednoPER
expression in the PDF-TRI neurons. Thus,we have seen no evidence that
PDF-TRI neurons oscillate out of phase as compared to the s- and lLNvs,
at least within this temporal window. Consistent with Renn et al.
(1999), these data show that PDF-TRI neurons do not function as clock
neurons in the circadian circuit.
In the wild-type brain, PDF immunoreactivity within PDF-TRI
neuronal soma is lost within 24 h of eclosion, and cell processes are
no longer discernible within 2–4 days (Fernandez et al., 2008; Helfrich-
Forster, 1997;Rennet al., 1999). Based on this description,we examined
the timecourse of PDF labeling in control (w1118) and dfmr1null animals
(Fig. 3). Upon eclosion (d0), control and mutant brains showed an
indistinguishable array of PDF-TRI neurons (Fig. 3A). However, in the
proceeding days, these cells were rapidly lost in control brains, while
Fig. 1.Null dfmr1mutant brains exhibit aberrant PDF-TRI neurons. Immunocytochemistry in the adult (day 5) brain is shown to visualize Pdf-Gal4 driven UAS-mCD8::GFP (anti-GFP,
green) and endogenous PDF immunolabeling (anti-PDF, red). A) A representative control brain demonstrates the relative positioning of PDF neurons at lowmagniﬁcation (top row)
and at higher magniﬁcation focuses on the central brain region (bottom row). B) A representative dfmr150M null brain is shownwith arrows to indicate the tritocerebral PDF neurons
present only in the mutant. C) Model summarizing PDF neuron abnormalities in wild-type (control, left) compared to dfmr1 null brain (mutant, right). Posterior optic tract splitting,
collateral branching and synaptic overgrowth have been described in dfmr1mutants. We report here novel presentation of PDF-neurons near the midline of the mutant brain. sLNv:
small ventrolateral neuron, lLNv: large ventrolateral neuron, PDF-TRI: PDF tritocerebral neuron, EF: esophageal foramen.
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Fig. 2. PDF-TRI neurons do not express the clock protein PER. Immunocytochemistry in late-stage pupal day 4 (P4) brain is shown to visualize endogenous PDF (anti-PDF, red) and
PER (anti-PER, green) in A) control (w1118) and B) dfmr150M null. The lower magniﬁcation images (left) indicate the position of sLNv, lLNv and PDF-TRI cell bodies (arrows) in the
context of the whole brain. The higher magniﬁcation images (right) show single confocal optical sections through the different classes of PDF neuron cell bodies. PER expression is
evident in both the sLNvs and lLNvs, while undetectable in the PDF-TRI neurons in both genotypes.
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Fig. 3. Null dfmr1 mutants retain developmentally-transient PDF-TRI neurons. The developmental time course of PDF neuron remodeling is shown with representative images of
anti-PDF immunocytochemistry in the central brain region of age-matched controls (w1118) and dfmr150M null mutants compared. A) Days 0–3 (d0–3) post-eclosion show PDF-TRI
neurons progressively lost in the control but maintained inmutant. B) Days 5–14 (d5–14) inmature adults show no PDF-TRI neurons in control, but perseverance of these cells in the
dfmr1 null. C) Developmental time course quantiﬁcation of PDF-TRI neuron prevalence in control (gray) and dfmr1 null (black) animals. Data are shown as the percentage of brains
maintaining identiﬁable PDF-TRI neuronal soma and midline process reactivity originating below the esophageal foramen extending beyond the posterior optic tract. Signiﬁcance
levels are represented throughout as pb0.05 (*); pb0.01 (**); pb0.001 (***). All error bars represent s.e.m.
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Fig. 4. Speciﬁcity of PDF-TRI neuron retention to loss of dFMRP. A) PDF immunocy-
tochemistry in the central brain region of day 5 (d5) age-matched animals compared
between control (w1118) and three independent dfmr1 null alleles (dfmr150M, dfmr12,
and dfmr1B55). B) Quantiﬁcation of PDF-TRI neuron prevalence in all four genotypes at
d5. Data are shown as the percentage of brains maintaining identiﬁable PDF-TRI cells.
Signiﬁcance levels are represented as pb0.001 (***). All error bars represent s.e.m. C)
PDF immunocytochemistry in the central brain region of d5 age-matched dfmr150M null
with and without a genomic rescue construct (p(dfmr1)w+). D) Quantiﬁcation of PDF-
TRI neuron prevalence in dfmr150M null mutants with and without p(dfmr1)w+.
Signiﬁcance level (p=0.026) represented as pb0.05 (*). All error bars represent s.e.m.
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manifest in only 40±6% of control brains versus 85±8% in dfmr1 nulls
(p=0.017, n=3; n=number of independent trials comparing≥10
brains of each genotype in each trial; Fig. 3C). At later time periods, the
great majority of control brains lacked any detectable PDF-TRI neurons,
whereas most dfmr1 null brains retained these cells (Fig. 3B). At day 5
post-eclosion, PDF-TRI neurons were evident in only 17±6% of control
brains compared to 64±7% of dfmr1 null brains (p=0.003, n=4;
Fig. 3C). At maturity (2 weeks), a similar difference was maintained;
PDF-TRI neurons were observed in 13±5% of control versus 66±4% of
mutant brains (pb0.0001, n=6; Figs. 3B, C). Thus, PDF-TRI neurons are
present at a 5-fold higher incidence in the dfmr1 null mutant central
brain compared to controls.
To test the speciﬁcity of this mutant phenotype, we conﬁrmed
PDF-TRI neuron retention using two additional, independently
isolated dfmr1 null alleles; dfmr12 (Dockendorff et al., 2002) and
dfmr1B55 (Inoue et al., 2002) (Fig. 4A). PDF labeling at day 5 revealed
equivalent PDF-TRI neuronmaintenance in all three alleles (dfmr150M:
60±5%, n=4; dfmr12: 69±2%, n=3; dfmr1B55: 59±6%, n=3;
n=number of independent trials comparing ≥10 brains of each
genotype in each trial; pN0.05 for each pair-wise comparison;
Fig. 4B), which were all very signiﬁcantly elevated as compared to
control (w1118: 15±3%, n=4; pb0.001 for each pair-wise compar-
ison; Fig. 4B). To also verify that PDF-TRI neuron retention was due to
dfmr1 gene disruption, a genomic rescue construct (p(dfmr1)w+)
(Dockendorff et al., 2002) was introduced into the dfmr150M null
background (Fig. 4C). One copy of the rescue construct was
introduced into an otherwise dfmr1 null animal to drive dFMRP
expression conﬁrmed by Western blot (Fig. 4D). The genomic
construct strongly diminished PDF-TRI neuron retention (Fig. 4C, E).
Quantiﬁcation at day 5 showed signiﬁcant (p=0.026; n=3) rescue of
PDF-TRI retention by introduction of wild-type dFMRP (Fig. 4E). We
conclude that PDF-TRI neurons are abnormally retained throughout
life within the tritocerebral brain region due speciﬁcally to the loss of
dFMRP function.
PDF-TRI neurons maintain synaptic connectivity at maturity
During late pupal development, the PDF-TRI neurons emanate
from the tritocerebral brain region and project dorsally to inﬁltrate
the protocerebral regions, including the pars intercerebralis and pars
lateralis (Helfrich-Forster, 1997). We sought to characterize the
synaptic organization of these neurons and their complex processes in
both the trito- and protocerebral brain regions (Supplemental Fig. 1).
As we demonstrated previously in studies of the sLNv synaptic arbors
(Gatto and Broadie, 2009a), Pdf-Gal4 driven expression of the UAS-
synaptotagmin-GFP transgene, an integral synaptic vesicle protein
marker, speciﬁcally labels synaptic boutons overlapping and largely
coincident with the anti-PDF neuropeptide distribution (Supplemental
Fig. 1). At eclosion (d0), the PDF-TRI neurons project processes within
the tritocerebral region, which localize both PDF transmitter and
synaptic vesicles within boutons near to their somas, as do their
dorsallyprojecting axons. These PDF-TRI synaptic arbors extendpast the
posterior optic tract to elaborate an extensive synaptic bouton array in
the protocerebrum, closely approaching the sLNv synaptic arbors
(Supplemental Fig. 1).
At eclosion, control and dfmr1 null brains exhibit indistinguishable
patterns of PDF/synaptotagmin colocalization and spatial synaptic
bouton arrangements in both the tritocerebral and protocerebral brain
regions (compare Figs. 5A and B, d0). Considerable synaptic establish-
ment is present in both regions, suggesting a high degree of
interconnectivity with surrounding neurons. PDF-TRI synaptic connec-
tivity is absent in the wild-type brain at maturity (Supplemental Fig. 1;
d5 inset). In sharp contrast, the synaptic array fromthe aberrantPDF-TRI
neurons is maintained in the mature dfmr1 null brain. Pdf-Gal4 driven
UAS-synaptotagmin-GFP showed the continued presence of synaptic
Fig. 5. Null dfmr1 PDF-TRI neurons maintain synaptic architecture. Representative images of Pdf-Gal4 driven synaptic marker UAS-synaptotagmin-GFP in PDF-TRI neurons (GFP,
green) double-labeled for the PDF neuropeptide (red). As oriented in Supplemental Fig. 1, trito- (T) and protocerebral (P) regions are shown. A) Control brains immediately after
eclosion (day 0; d0) show developmentally-transient PDF-TRI neurons with an extensive array of differentiated synaptic boutons. B) Null dfmr150M mutants at d0 (top) and d5
(bottom). Similar synaptic arrays are present in control and mutant at the early time point, immediately following eclosion. PDF-TRI synaptic boutons are maintained at maturity
(d5) only in the dfmr1 null brain, with an extensive array of remodeled synaptic boutons in both trito- (T) and protocerebral (P) brain regions.
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protocerebral brain regions (Figs. 5B, d5). As expected, this synaptic
array is progressively reﬁned and remodeled over developmental time
(compare Figs. 5B d0 vs. d5). Nevertheless, it is clear that the
inappropriately retained PDF-TRI neurons persist in the dfmr1 nulls
and contribute synaptic connections in close proximity to both the clock
circuit and surrounding cells.
PDF-TRI neurons maintain depolarization-dependent Ca2+ transients at
maturity
In the dfmr1 null brain, PDF-TRI neurons likely contribute to neural
dysfunction via aberrant synaptic connectivity maintained through-
out adult life. However, it was critical to assess whether the function
of the normally transient PDF-TRI neurons was altered in wildtype
versus dfmr1 nulls and to examine the potentially maintained PDF-TRI
function in the dfmr1 null mature brain. As one test of function, we
assayed calcium dynamics incurred upon depolarizing stimulation
using the transgenic GCaMP calcium reporter (reviewed in Mao et al.,
2008; Pologruto et al., 2004; Tian et al., 2009). The Pdf-Gal4 driver was
used to express UAS-GCaMP1.3, a calcium responsive probe incorpo-
rating a calmodulin sensor tethered to GFP, which upon calcium inﬂux
alters GFP conformation to increase ﬂuorescence output (Nakai et al.,
2001; Tessier and Broadie, 2011). Whole mount brain preparations
were ﬁrst imaged to establish baseline reporter ﬂuorescence within
PDF-TRI neuron somas, then acutely depolarized with 70 mM KCl
application while continuously monitoring calcium transient devel-
opment and dissolution (Fig. 6 and Supplemental Movies 1–3).
Initial studies were performed at late-stage pupal day 4 (P4), a
period in which PDF-TRI neurons are similarly present and arrayed in
control and dfmr1null brains. Both genotypes exhibited similar reporter
basal ﬂuorescence, and generally indistinguishable depolarization-
induced calcium transients were elicited (Fig. 6A). Following an initial
depression caused by osmotic shock (Fiala and Spall, 2003; Tessier and
Broadie, 2011), reporter ﬂuorescence intensity in the PDF-TRI cell
bodies rose rapidly to a maximal level and then declined gradually
toward the initial baseline (Fig. 6B and Supplemental Movies 1–2). By
measuring the absolute value of the relative transient amplitudes from
trough to peak, accounting for the entirety of the depolarization-
induced calcium inﬂux (Tessier and Broadie, 2011), we quantiﬁed any
differential function between control and dfmr1 null PDF-TRI neurons.
The amplitude of peak response was indistinguishable between
genotypes (control: 1.78±0.09, n=11; n=number of individual
PDF-TRI neurons examined; dfmr1 null: 1.82±0.12, n=13; p=0.78;
Fig. 6B). At each individual time point, the genotypes were not
statistically different, except at 5.5, 8.7, 9.5 and 10.3 s post-stimulation
(pb0.05; Fig. 6B). The average ﬂuorescence rise time to achieve
maximal intensity in dfmr1 null neurons was more rapid (control:
19.14±1.96 s, n=11 vs. dfmr1 null: 13.1±1.42 s, n=13; p=0.02;
Fig. 6B). This phenotype suggests equivalent signaling capacity with an
increased excitability in the dfmr1 null neurons, possibly due to a lower
activation threshold.
We next assayed the persistent PDF-TRI neurons present only in the
dfmr1 null at maturity. The mutant cells maintained a robust calcium
inﬂux response to depolarizing stimulation (Fig. 6B and Supplemental
Movie 3). Due to a more substantial ﬂuorescence depression with KCl
stimulation (2.7–5.5 s post-KCl stimulation dfmr1 null P4 vs. d3;
minimally pb0.05), the relative calcium transient amplitude was
similar in the adult compared to pupal day 4 (1.59±0.09, n=5; P4
vs. d3 adult, p=0.15; Fig. 6B). However, the ﬂuorescence response rate
was modiﬁed over this developmental time period, with a signiﬁcantly
more rapid rise time at maturity (8.83±0.58 s, n=5; P4 vs. d3 adult,
p=0.01; Fig. 6B). We have recently reported similar developmental
changes in calcium dynamics in the Mushroom Body brain region
(Tessier and Broadie, 2011). We conclude that PDF-TRI neurons are
capable of eliciting depolarization-induced calcium transients duringdevelopment in both control and dfmr1 null brains, and retain this
competence in the null mutant into adult life.
Null dfmr1 PDF-TRI neurons exhibit impaired apoptotic initiation
How are PDF-TRI neurons eliminated from the wild-type brain?
What is the developmental mechanism facilitating their persistence in
the dfmr1 null compared to the trigger for their rapid removal
following eclosion in wildtype? In previous cell ablation studies using
Pdf-Gal4 mediated expression of the cell death promoting gene,
reaper (UAS-rpr), it was shown that the caspase inhibitor, p35, can
rescue rpr-mediated cell death of the PDF-TRI neurons (Renn et al.,
1999). In this study, the neurons persisted into maturity, at least to
day 10 post-eclosion. This work suggests that PDF-TRI neurons
normally die via a developmental apoptotic program. However,
recent studies have clearly shown in contrast that FMRP serves as a
negative regulator of cellular proliferation. Increased cell numbers
have been observed in mutant animals as the loss of FMRP increases
neural stem cell proliferative capacity in both Drosophila and murine
FXS models (Callan et al., 2010; Luo et al., 2010). Thus, two distinct
possibilities could contribute to the PDF-TRI neuron survival in the
dfmr1 nulls, i.e., a failure to remove extraneous cells from the circuit
via a defective apoptotic program or an initial overabundance of these
cells owing to an over-proliferative neurogenesis defect.
To formally distinguish between these mechanisms, we ﬁrst
examined an apoptotic indicator of DNA fragmentation, TUNEL
labeling, in the PDF-TRI neuron cell bodies (Fig. 7). We focused on
the ﬁrst day post-eclosion (day 0; b24 h), the period immediately
preceding the disappearance of these cells in the wild-type brain. A
TMR-red coupled assay to reveal compromised DNA integrity was
employed in conjunction with anti-PDF labeling to visualize the PDF-
TRI cell bodies and associated tritocerebral processes (Fig. 7A). With
this imaging approach, the vast majority of PDF-TRI neurons in control
(w1118) brains were TUNEL-positive at day 0 post-eclosion, whereas
many fewer PDF-TRI neurons were undergoing apoptosis in the dfmr1
nulls. In control brains, 90±2% of PDF-TRI neurons demonstrated
TUNEL labeling as compared to 30±7% in the dfmr1mutants, a highly
signiﬁcant difference (p=0.003, n=4; n=number of independent
trials with≥10 brains of each genotype examined per trial; Fig. 7B). In
sharp contrast, at this early time point (d0), there was no detectable
difference in the number of PDF-TRI neurons in the control versus the
mutant (control: 1.9±0.2 vs. dfmr1: 1.6±0.03, n=4; p=0.22;
Fig. 7C). Therefore, there is no evidence of increased proliferation
for this neuron class, but rather clear indication of impaired apoptosis
in the dfmr1 null brain. We conclude that although FMRP is implicated
in contributing to enhanced neurogenesis in other contexts, the
prolonged presentation of PDF-TRI neurons in the dfmr1 null is due to
an inability to initiate normal programmed cell death.
dFMRP inﬂuences clearance of other transient peptidergic neurons
To determine whether the anti-apoptotic effect of the dfmr1
mutation is a generalized phenomenon among developmentally-
transient peptidergic neurons, we next examined other neuronal
populations known to be similarly targeted for developmental
programmed cell death (Draizen et al., 1999; Ewer et al., 1998;
Peabody et al., 2008). Neurons of this class include neuropeptidergic
cells that express CCAP, which are thought to trigger the ecdysis
motor program (Baker et al., 1999; Park et al., 2003), and a CCAP
neuron subset that also expresses bursicon, mediating cuticle tanning
and wing inﬂation (Dewey et al., 2004; Luan et al., 2006; Peabody et
al., 2008). As reported previously in the pharate adult brain (Luan et
al., 2006), upon eclosion we detected four bilaterally symmetric pairs
of CCAP neurons within the subesophageal ganglion (SEG), one pair
of which coordinately expresses bursicon (Supplemental Fig. 2).
In addition, bilateral pairs of CCAP- and bursicon immunoreactive
Fig. 6. Developmentally-transient PDF-TRI neurons are responsive to depolarization and maintain this functionality when persistent in the dfmr1 null brain. Examples of the
transgenic ﬂuorescent calcium reporter UAS-GCaMP driven by Pdf-Gal4 in the PDF-TRI neurons are depicted. Neurons were acutely depolarized with 70 mM KCl while continuously
monitoring ﬂuorescence intensity. A) Still frames of PDF-TRI neuron cell somas from time-lapse imaging (see Supplemental Movies for full imaging sequence) at pupal day 4 (P4) in
control and dfmr150M null brains are shown. The raw data are presented in black and white (top rows) and pseudocolored for intensity (bottom rows). The baseline pre-stimulation,
transient KCl-induced maximum and post-transient recovery ﬂuorescence are shown for each genotype. B) The quantiﬁcation of ﬂuorescence intensity as fold change from baseline
during KCl depolarizing stimulation. Control and dfmr1 nulls at pupal day 4 (P4) in blue and red, respectively, when PDF-TRI neurons are present in both genotypes. Calcium
transients are similar in magnitude, but with a more rapid rise time in the dfmr1 nulls. Null dfmr1 persistent PDF-TRI neurons in the adult (day 3 post-eclosion (d3); in yellow)
remain functional as assayed. All error bars represent s.e.m.
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Fig. 7. PDF-TRI neurons undergo programmed cell death immediately post-eclosion,
which is depressed in the dfmr1 null brain. TUNEL labeling reveals programmed cell
death in the ﬁrst day after eclosion. A) PDF-TRI neuron cell bodies and local
tritocerebral processes are labeled with anti-PDF immunocytochemistry (PDF, green)
in conjunction with TUNEL labeling (red) in control (w1118; top) and dfmr150M null
(bottom) brains at day 0. Left and right panels show 2 independent examples of
TUNEL/PDF staining per genotype. Arrows indicate PDF-TRI cell bodies shown at higher
magniﬁcation (insets). Nuclear TUNEL staining enveloped by anti-PDF is indicative of
an apoptotic TRI neuron. Notably, other non-PDF associated TUNEL staining is observed
in some panels, highlighting the efﬁcacy of the assay and the relative positioning of
other apoptotic cells within this brain region. B) Quantiﬁcation of TUNEL-positive PDF-
TRI neurons shown as a percentage of total identiﬁable PDF-TRI neurons. Signiﬁcance
level is represented as pb0.01 (**). C) Quantiﬁcation of the total number of PDF-TRI
neurons present upon eclosion is presented. There is no statistical difference between
control and mutant. All error bars represent s.e.m.
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neuromeres (Supplemental Fig. 2) (Dewey et al., 2004; Luan et al.,
2006). These T3/Ab neurons display clear signs of apoptosis within
6–8 h post-eclosion, extensive degeneration by 10–12 h, and almost
complete clearance by 14 h, with only 2% of brains displaying
detectable cells by 24 h (Draizen et al., 1999; Peabody et al., 2008).
We ﬁrst examined the CCAP peptidergic neurons in the SEG
(Fig. 8). At 1 h following eclosion, CCAP neurons were readily
visualized and, as previously reported (Park et al., 2003), some
overlap of the CCAP and PDF-TRI neuron processes was detected
(Fig. 8A, top row). In the dfmr1 null brain, equivalent proﬁles of CCAP
and PDF neurons were present immediately following eclosion
(Fig. 8B, top row), indicating no evidence of over-proliferation. At
later time points, these neurons were rapidly eliminated from the
control brain, and at 24, 48 and 72 h post-eclosion, the CCAP
immunoreactivity was absent in the SEG (Fig. 8A, bottom row).
Over this developmental time course, an obvious delay in the
clearance of these neurons and their processes was observed in the
dfmr1 mutants, as visualized at 24 and 48 h post-eclosion (Fig. 8B,
bottom row, arrows). Although their removal was delayed, theneurons were largely undetectable in both control and dfmr1 null
brains by 72 h post-eclosion. Thus, it appears that dFMRP facilitates
the apoptosis and cell clearance of CCAP neurons but is not required at
the same level as for the PDF-TRI neurons.
We next examined peptidergic bursicon neurons by labeling for
bursicon and its functionally heterodimerizing β-subunit, pburs (Fig. 9)
(Luo et al., 2005). Immediately following eclosion, two bursicon cells
ramifywidelywithin the SEG region of the brain (Fig. 9A). Cell numbers
were indistinguishable between control and dfmr1 nulls at this early
time point, again indicating no change in the proliferation for this
neuron type (compare Figs. 9A and B, top rows). Inwildtype, these cells
were completely eliminated by 24 h post-eclosion, whereas extensive
bursicon immunoreactivity and process elaboration persisted in the
dfmr1 null brain (compare Figs. 9A and B, second rows). This indicates a
delay in the initiation of the apoptosis program and a defect in the
cellular mechanisms required to eliminate these cells in the absence of
dFMRP. Nevertheless, by 72 h post-eclosion, bursicon peptidergic
neurons were principally absent from the dfmr1 null brain (Fig. 9B,
bottom row). Examination of the bursicon neurons in the thoracic T3
and abdominal ganglia revealed very similar cellular dynamics
(Supplemental Fig. 3). Thus, once again dFMRP facilitates apoptosis
and removal of bursicon neurons, although the cells are eliminated in a
delayed fashion in dfmr1 null mutants.
We conclude that different populations of developmentally-
transient peptidergic neurons are inﬂuenced by dFMRP in aspects of
programmed cell death mediation, from initiation to terminal process
clearance. Quantitative examination of the central CCAP and pburs SEG
proﬁles, assessing the presence or absence of associated cell bodies
and/or processes observed in control and dfmr1 null animals, clearly
demonstrated this inﬂuence (Fig. 10). These experiments were
performed in triplicate, examining 13±1 brains per genotype per
time point. Immediately after eclosion (1 h), the number and
organization of CCAP and pburs neurons were indistinguishable
between controls and dfmr1 nulls, with the full complement of 8 CCAP
and 2 pburs cells seen in both. Thereafter, a delayed clearance of these
populations in the dfmr1 nulls was evident and more protracted in the
CCAP neurons. At 24 h, 95±2% of control brains had no SEG CCAP-
reactive cell bodies (CB) or processes (P) detectable compared to 2±2%
in dfmr1 nulls (pb0.001) (Fig. 10A). By contrast in the dfmr1 nulls at
24 h, 40±4% of brainsmaintained 2 CB+P (pb0.001), 30±4% 1CB+P
(pb0.001), and 24±3% 0 CB+P (pb0.001). By 48 h, 30±2% of dfmr1
brains still harbored 1 CCAP CB+P (pb0.05) and only 32±1% were
fully cleared (pb0.001) (Fig. 10A). By 72 h, 60±2% of the dfmr1 null
brains showed no CCAP cells (pb0.01) with another 19±9% showing
only residual processes. The pattern was similar for pburs. At 24 h,
controls had 80±9% of brains devoid of pburs SEG cells with the
remainder (20±10%) showing discernable processes (Fig. 10B). In
contrast, only 16±2% were fully cleared in the dfmr1 nulls (pb0.001)
and 70±6% retained processes (pb0.001). By 48 h, the genotypes were
similar with 85±10% of brains lacking pburs in control vs. 75±11% in
dfmr1 (Fig. 10B). As the pburs cells are a subset of the CCAP neurons, it
appears that the CCAP/non-pburs neurons are more persistent in the
dfmr1 nulls. Despite this generalized role of dFMRP in regulating
apoptosis and clearance of normally developmentally-transient peptid-
ergic neurons from the brain, we conclude that the PDF-TRI neurons
show the greatest degree of dependence on dFMRP. In the dfmr1 null
brain, only PDF-TRI neurons persist into adult maturity and, thereby,
continue to contribute inappropriate synaptic connections within the
tritocerebral and protocerebral brain regions throughout life.
Discussion
It has long been known that loss of dFMRP compromises the
architecture of the small and large ventrolateral PDF neuron circuitry
in Drosophila brain (Coffee et al., 2010; Dockendorff et al., 2002; Gatto
and Broadie, 2009a; Morales et al., 2002; Reeve et al., 2005, 2008;
Fig. 8. Clearance of CCAP neurons is delayed in the dfmr1 null brain. Representative images depict staged brains double-labeled with anti-PDF (red) and anti-CCAP (green) in control
(w1118) and dfmr150M null mutants. A) Control brain at 1 h post-eclosion (top row) shows CCAP neurons within the SEG. PDF-TRI neurons cluster more dorsally near the esophageal
foramen. The bottom row shows anti-CCAP immunocytochemistry alone at 24, 48 and 72 h post-eclosion. All SEG CCAP neurons are absent at these later time points in wildtype.
B) Comparable images from the dfmr1 null brain at 1 h post-eclosion (top row) show a neuron array indistinguishable from control. The time course for CCAP neuron elimination over
the next 72 h reveals prolonged presence of cells in the dfmr1 null (arrows at 24 and 48 h post-eclosion), although almost all SEG CCAP neurons have been lost by 72 h post-eclosion.
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additional, novel defect harbored within the PDF neuron population;
the dfmr1 null mutation enables inappropriate life-long survival of
PDF-TRI neurons normally destined for death via an apoptosis
program immediately after eclosion. Although we show that PDF-
TRI neurons are not circadian pacemakers, the retention of these cells
into adulthood introduces functional neurons with elaborate synaptic
contacts that may alter information ﬂow and processing by contrib-
uting an aberrant source of PDF. The role of dFMRP in regulating the
initiation of apoptotic events appears to be somewhat neuron-type
speciﬁc and selective to PDF-TRI neurons. Nevertheless, the dfmr1
null mutants do present a generalized delay in peptidergic neuronal
process removal upon cell death, including the delayed elimination of
CCAP and bursicon cells. As these studies were conducted in
ubiquitously dfmr1 null animals, determination of the cell autonomy
assigned to these novel dFMRP functions, as compared to potentially
coordinate and impinging function(s) of dFMRP in neighboring cells,
will require future experimentation.
The key ﬁnding of this study is a novel role for dFMRP inmediating
neuronal survival by inﬂuencing apoptotic initiation. In contrast, therecent focus of cell population regulation has centered on the role of
dFMRP in controlling proliferation and differentiation. For example,
dFMRP has been implicated in germline stem cell maintenance and
proliferative capacity in the Drosophila ovary (Yang et al., 2007) in
association with the micro-RNA bantam (Yang et al., 2009) and the E3
ubiquitin ligase cbl (Casitas B-lineage lymphoma) (Epstein et al., 2009).
Earlier mammalian embryonic studies demonstrated altered cellular
differentiation from both Fmr1 deﬁcient mouse and human stem cells
in vitro (Castren et al., 2005). Fmr1-deﬁcient neurospheres yielded 3–5
fold increases in cells of the TuJ1-positive neuronal lineage andmarked
decreases in their GFAP-positive glial counterparts, likely due to
increased apoptosis (Castren et al., 2005). In the mouse Fmr1
knockout, there is also over-proliferation in the subventricular zone
(Castren, 2006). However, human neural progenitor cells isolated
from FMR1-deﬁcient fetal cortex were later shown to have prolifer-
ative and speciﬁcation indices comparable to control, albeit with
altered gene expression proﬁles (Bhattacharyya et al., 2008). More
recent studies have demonstrated that FMRP plays a role in regulating
the differentiation and proliferative capacity of adult neural stem cells.
In the mouse Fmr1 knockout, this was examined in relation to
Fig. 9. Clearance of bursicon neurons is likewise delayed in the dfmr1 null brain. Representative images of the ventral brain SEG double-labeled for bursicon (green) and pburs (red)
in control (w1118) and dfmr150M null mutants. A) A control brain at 1 h post-eclosion (top row) shows the two bursicon peptidergic neurons' somal positioning and process
elaboration. The bottom row reveals that the neurons have been eliminated by 24 h post-eclosion in the wild-type brain. B) Comparable images from the dfmr1 null brain at 1 h post-
eclosion (top row) show a complex neuronal array indistinguishable from control. Bursicon processes are aberrantly retained at 24 h in the dfmr1 null mutant (middle row),
although largely lost from the brain SEG by 48 h (bottom row).
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required for learning and memory (Luo et al., 2010). FMRP insufﬁ-
ciency yielded increased proliferation, with a bias toward decreased
neuronal and increased glial differentiation, both in vitro and in vivo.
In studies of the Drosophila FXS model, dfmr1 deﬁciency resulted in
increased mitotic activity in neuroblasts during larval development,
from which increased numbers of adult neurons were derived (Callan
et al., 2010). The dfmr1null neuroblasts exit quiescence prematurely to
execute excess proliferative activities, demonstrating cell cycle
misregulation.Despite this evidence that FMRP plays a role in neural stem cell
proliferation, we found that normal peptidergic neuron numbers were
initially present in the PDF, CCAP and bursicon populations in the dfmr1
null mutant. Thus, there is no evidence for a proliferative defect in these
neuronal types. In contrast, we observed adult retention of the PDF-TRI
neuron subpopulation that is usually present only transiently during
development, owing to a requirement for dFMRP in apoptotic initiation
following eclosion. The novel role of dFMRP in this mechanism is
presently unknown. As anRNA-binding protein known to either repress
or activate the translation of particular target mRNAs (reviewed in
Fig. 10. Quantiﬁcation of CCAP/pburs neuron clearance after eclosion. A) Control (w1118)
and dfmr150M null brains were examined by CCAP immunoreactivity at 1, 24, 48 and 72 h
post-eclosion. Classiﬁcations were assigned based on the presence or absence of
identiﬁable CCAP cell bodies (CB) and processes (P). Blue: 6–8 CB+P, red: 2 CB+P,
yellow: 1 CB+P, green: 0 CB+P, and gray: 0 CB+0 P. An average of 13±1 brains was
examined per time point per genotype in triplicate. Signiﬁcance levels are represented
throughout aspb0.05 (*); pb0.01 (**); pb0.001 (***). All error bars represent s.e.m. B)The
same control and dfmr1 null brainswere examined by pburs immunoreactivity at 1, 24, 48
and 72 h post-eclosion. Classiﬁcations were assigned based on the presence or absence of
identiﬁable bursicon cell bodies (CB) and processes (P). Red: 2 CB+P, yellow: 1 CB+P,
green: 0 CB+P, and gray: 0 CB+0 P. Signiﬁcance levels are represented throughout as
pb0.001 (***). All error bars represent s.e.m.
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serve as a negative regulator of a survival or anti-apoptotic factor, like
Drosophila inhibitor of apoptosis 1 (DIAP1) (Orme and Meier, 2009;
Wang et al., 1999)? Does dFMRP itself promote the expression of a pro-
apoptotic factor, such as Reaper, Head involution defective, or Grim,
whichcould antagonizeDIAP1 function (Goyal et al., 2000; Steller, 2008;
Yoo et al., 2002)? While no obvious candidates in these RNA target
classiﬁcations have yet been uncovered for dFMRP in extensive
screening efforts (Bittel et al., 2007; Brown et al., 2001; Chen et al.,
2003; Darnell et al., 2001; Liao et al., 2008; Miyashiro et al., 2003;
Zarnescu et al., 2005; Zhanget al., 2005; Zouet al., 2008), it is of potential
interest that down-regulationof the ENA/VASPactin regulatoryproteins
has been recently implicated in neuronal degeneration via an apoptosis
program (Franco et al., 2010; Rezaval et al., 2008).
The ENA/VASP family is crucial for appropriate ﬁlopodia formation,
serving to block F-actin ﬁlament capping and encourage elongation
(reviewed in Bear and Gertler, 2009; Drees and Gertler, 2008; Krause et
al., 2003). The sole representative of this family in Drosophila, enabled
(ena), has been shown to promote dendritic branching and actin-rich
spine-like protrusions in dendritic arborization (DA) sensory neurons
(Gaoet al., 1999; Li et al., 2005). Indfmr1nullmutants,DAneurons in the
peripheral nervous systemdisplay an increased number of higher-order
branches, whereas dFMRP over-expression reciprocally yields dramat-
ically decreased branching (Lee et al., 2003). Mechanistically, these
defects have been linked to the small GTPase Rac1 (Lee et al., 2003);
however, the structural phenocopy suggests that ena could likewise be
upregulated in the Drosophila FXS model. Precedent for this type of
misregulation has been demonstrated by the observations that dFMRP
negatively regulates other cytoskeleton organizing proteins, includingFutsch, the mictrobule-binding MAP1B homolog, and Chickadee, the
actin-binding Proﬁlin homolog (Reeve et al., 2005; Tessier and Broadie,
2008; Zhang et al., 2001). Thus, if the PDF-TRI neurons are sensitive to
ena-mediated cell death, the dfmr1 mutation may be neuroprotective
via this mechanism.
An outstanding question centers on the relative speciﬁcity of
dFMRP-mediated inﬂuence on the commencement of programmed
cell death. While serving to largely prevent developmental eradica-
tion of the PDF-TRI neurons, the dfmr1 mutation conferred no such
long-term maintenance to neurons expressing the neuropeptides
CCAP and/or bursicon. What segregating factors might differentiate
these classes of peptidergic neurons and the relative requirement of
dFMRP for their survival? Mechanistically, apoptotic initiating factors
may differ between these neuron classes. The apoptosis of CCAP
neurons has been linked to declining levels of the steroid hormone
20-hydroxyecdysone, which allow the pro-apoptotic accumulation of
reaper and grimmRNA (Draizen et al., 1999). No such requirement has
yet been deﬁned for the PDF-TRI neurons. Perhaps within the subset
of CCAP neurons expressing bursicon (Dewey et al., 2004; Luan et al.,
2006; Peabody et al., 2008; Zhao et al., 2008), the temporal paracrine
role of these neurons requires more stringent ablational regulation,
and their effective removal is therefore less susceptible to reprogram-
ming. Moreover, it is plausible that these other neuron classes may be
more reliant upon other RNA-binding proteins, rather than dFMRP.
For example, LARK is an RNA-binding protein that interacts with and
stabilizes dFMRP (Sofola et al., 2008) and also notably inﬂuences the
development of PDF LNv neurons (Huang et al., 2009). Although
reportedly pan-neuronal, LARK is known to be enriched within the
cytoplasm of CCAP neurons where it oscillates in a circadian manner
(McNeil et al., 1998; Zhang et al., 2000). If key opportunistic
translational regulation of an apoptotic factor underlies initiation of
programmed cell death, and if LARK is the predominant translational
regulator in these cells, it would be of interest to examine the cell
death proﬁles of the CCAP/bursicon neurons in LARK-deﬁcient
animals to assess this mechanistic possibility.
Although dfmr1 mutation did not result in long-term survival of
CCAP/bursicon neurons, the dfmr1nulls did display a signiﬁcant delay in
the clearance of these cells, suggesting a delay in the initiation or
progression of the apoptotic process. This is similar to observations in
the bursicon receptor mutant rickets (rk4) (Peabody et al., 2008). In rk4
mutants, one-third of the abdominal bursiconneuronswere still evident
at 24 h post-eclosion, which was then reduced to approximately 8% in
2-day old mutants. Clearly then, normal bursicon signaling is required
for the appropriate initiation and regulation of death in these neurons.
This suggests that the dfmr1 mutation may alter bursicon signaling or
its downstream consequences. As immunocytochemistry failed to
reveal any obvious differences in the observable levels of bursicon in
dfmr1 nulls as compared to controls, dFMRP may more likely inﬂuence
bursicon release, the stability or function of the bursicon receptor, or the
downstream signaling cascade of this neurotransmission. Importantly,
post-ecdysial wing epidermis cell death mediated via bursicon requires
activation of the cAMP/PKA pathway (Kimura et al., 2004), and it is
therefore interesting to note that signiﬁcant impairment in cAMP
production occurs both in dfmr1 mutants and human FXS patients
(Berry-Kravis and Ciurlionis, 1998; Kelley et al., 2007). Thus, defective
cAMP pathway signaling may underlie the neuronal clearance defect in
the FXS condition.
Another factor that could contribute to the delayed or defective
removal of these peptidergic neurons and their processes is aberrant
glial activation. Drosophila glia have been implicated as active
participants in the phagocytosis of apoptotic neurons (Kurant et al.,
2008), developmental pruning of excessive axonal tracts (Awasaki et
al., 2006; Awasaki and Ito, 2004; Watts et al., 2004), and clearance of
degenerating axonal processes (Doherty et al., 2009; MacDonald et al.,
2006). In addition, neuronal programmed cell death induces glial cell
division during a critical period in the ﬁrst week post-eclosion in adult
305C.L. Gatto, K. Broadie / Developmental Biology 356 (2011) 291–307Drosophila (Kato et al., 2009), perhaps facilitating cell corpse removal.
Though dFMRP has not been readily detected in CNS repo-expressing
glial cells (Morales et al., 2002), hFMRP has been detected in the early
development of both astrocytic (Pacey and Doering, 2007) and
oligodendrocyte (Wang et al., 2004) lineages. If in this specialized
role glial responsiveness is altered in the dfmr1 null, this could effect
the impaired elimination of the transient peptidergic neurons.
Future studies of PDF-TRI neuron retention in the dfmr1 null brain
will focus on the potential role of synaptic activity in the critical
survival versus apoptosis decision. Other PDF-expressing neurons,
including the s- and lLNvs, appear to function downstream of
GABAergic synaptic inputs (Hamasaka et al., 2005) and express the
Rdl (resistance to dieldrin) GABAA receptor subunit (Chung et al.,
2009; Parisky et al., 2008). In addition, the LNvs also express the
DmGluRA metabotropic glutamate receptor although, confoundingly,
glutamate may serve an inhibitory role on the LNvs, as its dosage
dependent application decreases sLNv intracellular calcium levels
(Hamasaka et al., 2007). By determining how the PDF-TRI neurons
may integrate such signals, we hope to gain further insight as to their
contribution to neural dysfunction in the Drosophila FXS model. Such
investigations will also allow us to assess the circuit-speciﬁc
applicability of the ‘mGluR Theory of FXS’, implicating FMRP function
downstream of mGluR activation (Bear, 2005; Bear et al., 2004),
compared to the ‘GABAAR Theory of FXS’ (D'Hulst and Kooy, 2007,
2009), which suggests disruption of inhibitory GABAergic signaling is
a key to the progression of the disease state. Although these theories
are by no means mutually exclusive, each disruption may have a
differential relative contribution to neuronal defects in the disease
state, including the new discovery here of altered developmental
pruning of neurons from speciﬁc modulatory neural circuits.
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